Abstract: Dynamic features are important aspects of the ocean. However the dynamic information is lost in most conventional Synthetic Aperture Radar (SAR) image processing methods, because they treat the image as an instantaneous state of the observed area. In fact, we can obtain dynamic features of the ocean from sequential sub-aperture images, because we know that the different parts of the azimuthal aperture correspond to different imaging instances. A key step for retrieving the dynamic features from sequential images is image-matching. However, the heavy noise characteristic of sub-aperture SAR images renders the traditional image-matching methods ineffective. In this paper we propose an image matching method based on improved phase correlation to deal with the heavy noise problem of SAR sub-aperture images. Experimental results show that the improved image-matching method presents an accuracy of 0.15 pixel and noise robustness. The analysis indicates that the improved algorithm is competent for obtaining dynamic information from the medium resolution airborne SAR images or high resolution spaceborne SAR images with 0.15-0.3 m/s estimation precision under most SNR conditions. The improved algorithm was used on an airborne SAR data to retrieve the movement velocity. The retrieved velocity ranged from 0.05-0.5 m/s, which seems to be reasonable value for the ocean current velocity. 
Introduction
Synthetic Aperture Radar (SAR) has its adven- tages of high resolution, wide scale, working on day as well as night and under most weather conditions. It is a significant important sensor in ocean remote sensing field, and has many successful applications on obtaining the ocean feature such as ocean internal wave, wind field. Dynamic features are also important aspects of the ocean. However, the dynamic information is lost in most SAR image processing methods, because they treat SAR image as an instantaneous state of the ocean surface. There are mainly two techniques for obtaining the movement information based on SAR data: (1) one method utilizes the mechanism that the surface current can cause SAR Doppler centroid shift in the single antenna SAR signal [1] [2] [3] [4] [5] [6] ; (2) another technique called Along Track Interferomatric SAR (ATISAR), which requires a second receiving antenna, can also calculate the current with much higher resolution than the method based on Doppler centroid shift [7] [8] [9] [10] . The main drawback of these two techniques is that they can only retrieve the current in the SAR look direction but not two-dimension current.
In fact, we indeed can obtain the dynamic information from SAR data by some proper methods because the SAR data reflects the dynamic information during the SAR integral time. From the principle of SAR imaging, we know that the different parts of the azimuthal aperture correspond to different imaging instants. Therefore, using SAR sub-aperture imaging method, we can acquire the sequential SAR sub-aperture images with a short time interval. Then, the ocean surface two-dimensional movement information can be further obtained from these sequential images by some image matching methods. However, the heavy noise characteristic of SAR sub-aperture image renders the traditional image matching method ineffective. Phase correlation method is a very useful high-precise image matching method [11] [12] [13] [14] [15] . Nevertheless, the classic phase correlation method is mainly applied in optical image processing, in which the Signal to Noise Ratio (SNR) is generally higher than that of SAR images. When used for the sub-aperture SAR images with heavy multiplicative and additive noise, the precision of the classic phase correlation method is rather low. In this paper, an improved phase correlation method is proposed for dealing with the heavy noise problem of SAR sub-aperture images. Simulation experimental results show that, the improved method can raise matching accuracy by dozens of times under low signal-noise ratio condition, and still reach rather high precision when the classic phase correlation method is unable to work properly.
The approach and some simulation experiment of the improved phase correlation method are given in Section 2. And in Section 3, we use the improved algorithm to process an airborne SAR data for obtaining the two-dimensional dynamic feature of the ocean surface. At the end, some conclusions are given in the Section 4.
Improved Phase Correlation Method

Phase correlation method theory
The key point of phase correlation method is to get the movement quantity in spacial domain via phase shift quantity in frequency domain. The most important advantage of phase correlation method is its high precision. It can obtain sub-pixel precision under proper SNR condition. 
where F 1 (m,n) is the Fourier-Transform of 1 ( , ) f x y , M and N are the image height and width respectively.
The movement vector in spacial domain leads to a linear phase shift in frequency domain. So we can calculate the movement quantity through the phase shift quantity. The element of normalized crosspower spectrum matrix Q is expressed as below: [11] . He concluded that the high-order singular values in the SVD matrix of the phase matrix reflect image noise, and the low-order singular values correspond to image background. According to Eq. (3), we know the rank of the normalized cross-power spectrum matrix Q must be 1. However, because of the noise, the real rank is greater than 1. So we apply SVD on the matrix Q and use the lowest order singular value to reconstruct the matrix ' Q . It is a convenient and noise-robust method for calculating the movement vector [a,b] .
The size of cross-power spectrum matrix Q is 
r r r n r n r r n r n r m n r n r n r
The non-zero diagonal elements satisfy:
Then the matrix can be expressed by
where i u and i v are the i-th column vector of U and V respectively.
For filtering out the noise, we only reserve the lowest-order singular value and discard other singular values to reconstruct matrix ' Q .
Finally, we can use one column of data extracted from ' Q to solve a by least square method, as shown in Eq. (9). 
where unwrap[ ] ⋅ means phase unwrap operation.
Using one row of data from ' Q , we can also solve b in the similarly way:
Error analysis
Since image matrix is discrete signal and there are approximate calculations during the processing, some error exits invetibly in phase correlation method. The error comes mainly from two effects: image boundary effect and image aliasing effect.
Image boundary effect is caused by twodimensional Discrete Fourier-Transform (DFT). DFT supposes the image are periodical. As a result, the image left-top part is jointed with the rightbottom part, and the left-bottom part is jointed with the right-top part. The discontinuity at the joint position leads to high frequency noise in the frequency domain. This is the image-boundary effect. According to Stone, et al. [12] , an effective way to reduce image boundary effect is to append a Blackman-Harris window (shown in Fig. 1 ) in spacial domain before DFT.
When the continuous signal is sampled and becomes discrete image signal, this process is similar to passing a low-pass filter. When the sampling rate is smaller than Nyquist frequency, the image aliasing effect happens.
In general, the high frequency components are smaller than lower components, so the aliasing effect is slight at lower frequency and serious at higher frequency, as shown in Fig. 2 . Stone, et al. point out an effective method for suppressing image-aliasing effect: only using the central low frequency region. In general, the effective low frequency region is about 60% of the entire image for optical images [12] , as shown in Fig. 3 . 
The improved phase correlation method
Up to now, the phase correlation method is mainly used in the imaging matching of optical images. Unlike optical imaging sensor, SAR is a coherent imaging sensor in which the coherent speckle noise is inevitable. Furthermore, the speckle noise of sub-aperture SAR image is higher than that of full-aperture SAR image because of its narrower Doppler bandwidth. In addition, the radar backscattering signal of ocean is relatively low, which results in relatively higher additive thermal noise effect. Therefore the noise problem of ocean SAR sub-aperture images is much more serious than that of common optical images, therefore, could lead to more serious aliasing effect. As Fig. 4 shows, Stones' proposal of effective region parameter "60%" already has included severe aliased region for SAR images, so this algorithm must be optimized for SAR sub-aperture images. Because SNR of image affects the aliasing level, the effective region size of "60%" is only suit for common high SNR optical images but not for SAR sub-aperture images. The movement estimation errors, obtained in our simulation experiment, under various effective region and different SNR are shown in Fig. 5 .
From Fig. 5 , we can see that when the SNR range from 3 dB to 9 dB, the optimal effective region is around 40%. Nevertheless, the estimation error will be much higher if the effective region is set to be 60%, as recommended in Ref. [7] . With the optimal effective region size, the error is about -25 dB, which means the matching accuracy is smaller than 0.06 pixel.
In this paper, we will search for an adaptive algorithm for getting the optimal effective region size under arbitrary SNR conditions. According to Subsection 2.1, the matching problem transforms to an over-determined equation solving problem. In the Eq. (9), after unwrapping operation, a typical column phase data of ' Q data and a typical row phase data of ' Q are shown in Fig. 6 .
First, we use a small central region (in this paper the first small region is set to be 10%) as the original effective region. And then based on the phase data in the small frequency region, we use least square method to fit a straight line, as shown in Fig. 7 , the line gradient is the first estimation of the movement vector [a, b] . Next, we compare the real phase data with the fitted line from centre to edge, if the difference between them is larger than a certain threshold, the effective region stop there.
Then we can use the new effective area to repeat the aforementioned operation. After several iterations, we can get the final optimal effective region size.
Furthermore, the phase data in the effective region should not be treated equally because the phase noise intensity is not uniform in the effective region. Fig. 2 shows that the aliasing effect is not same from centre to edge, Thus an appropriate 
where K is the angular weighting factor matrix 
with k m denoting the weighting factor at the m-th point.
Comparison between the improved algorithm and the classic algorithm
The best approach to assess the accuracy of our algorithm is comparing the estimated result with the in-situ measurement. Unfortunately, we have no in-site measurement of the movement in the observed ocean area of the SAR data. Thus, we have to use simulation experiments to evaluate our idea. The simulation experiments include following steps:
Step 1 Select a typical ocean SAR image as the original images;
Step 2 Make a certain shift with the original image to generate a second image;
Step 3 Add noise with different type and intensity to these two images;
Step 4 Use the improved algorithm and the classic algorithm to estimate the relative shift between the two images contaminated by the noise.
And then compare the estimated result with the actual shift we set in the second step.
The original image used in the simulation experiments is shown in Fig. 9 . In Tabs. 1-3, Ex and Ey refer to the estimation error on the x and y axis using classic algorithm, and Ex_w and Ey_w denote the estimation error on the x and y axis using the improved algorithm.
The numbers of simulation repeat in each experiment is 100. The data processing includes following steps:
Step 1 Dividing the Doppler spectrum of SAR raw data into two parts and re-imaging these two parts, we can get two sub-aperture sequential images;
Step 2 Divide these two sub-aperture images into small girds (in this examples, the gird size is 128×128 pixels)
Step 3 Matching the corresponding grids of the two sub-aperture images by the improved method, we can get the relative shift of every grid between the two sub-aperture images.
Step 4 Multiplied by the pixel size and divided by the time interval between the two sub-aperture images, we can get the movement velocity of each grid from the relative shift.
The time interval between the sub-aperture images is about 8 s. Thus, to reach a movement accuracy of 0.2 m/s, the image matching error must be lower than 0.15 pixel, which can be satisfied by the improved algorithm in most case. The surface dynamic feature obtained from the airborne SAR of IECAS is shown in Fig. 10 .
For example, the computed velocity of 25 grids in this image are shown in Tab. 4 
Conclusions
We can obtain ocean dynamic feature from sequential sub-aperture SAR images, because we know that the different parts of the azimuthal aperture correspond to different imaging instants. Image-matching is a key technique for retrieving the movement information from sequential images. In the image matching methods, the phase correlation method is a widely used and highprecision method. However, the classic phase correlation method is mainly used in optical image with relatively high SNR. When used for subaperture SAR images with heavy noise, the precision of classic phase correlation method is rather low. In this paper, an improved phase correlation method is proposed for dealing with the heavy noise problem. The simulation results show that the improved algorithm can get much higher estimation precision than the classic algorithm especially under rather low SNR conditions. The estimation precision of the improved algorithm is smaller than 0.15 pixel under most cases, and reaches 0.03 pixel under high SNR condition. The analysis indicates that the improved algorithm is competent for obtaining the dynamic information from the medium resolution airborne SAR image or high resolution spaceborne SAR image with 0.15-0.3 m/s velocity precision under most SNR conditions. We use the improved algorithm to obtain the dynamic feature from an airborne SAR data, acquired by a L band airborne SAR of IECAS. The retrieved velocity ranges from 0.05-0.5 m/s, which seems to be a reasonable value of ocean current velocity.
